Abstract: Spring and summer simulations were carried out using the Canadian Fire Behavior Prediction (FBP) and U.S. BEHAVE systems to study the role of vegetation and weather on fire behavior in the mixedwood boreal forest. Stands at Lake Duparquet (Quebec, Canada) were characterized as being deciduous, mixed-deciduous, mixedconiferous, or coniferous, according to their conifer basal area percentage. Sampled fuel loads (litter, duff, woody debris, herbs, and shrubs) and local weather conditions (three different fire-risk classes) were used as inputs in the simulation. The predicted fire behavior variables were rate of spread (ROS), head fire intensity (HFI), and area burned. Results from ANOVA testing showed that both weather and vegetation are not always significant, and the two prediction systems qualitatively attribute the explained variance to these factors differently. The FBP System selects the weather factor as the most important factor for all fire behavior variables, whereas BEHAVE selects the vegetation factor. However, three research burns located in Ontario revealed that BEHAVE was not well adapted to the mixedwood boreal region, whereas FBP predictions were quantitatively close to observed prescribed values. Extreme fire weather is confirmed as producing large and intense fires, but differences in fire behavior among stand types exist across the full range of fire weather. Implications of climate change, vegetation, and seasonal effects on fire behavior and the forest mosaic are discussed.
Introduction
The boreal forest stretches across Canada and is a natural ecosystem affected by large-scale natural disturbances (Shugart et al. 1992) , such as insect outbreaks (Blais 1983; Holling 1992; Morin 1994) and fires (Cogbill 1984; Johnson 1992; Levine et al. 1993; Pickett and White 1985; Turner and Romme 1994) . The fire environment is composed of weather, fuels, and topography, and these three factors constantly interact (Agee 1997) . However, the respective role of these factors may vary according to the region, the ecosystem type, and its historical events (Fryer and Johnson 1988; Harrington et al. 1991; Johnson 1992) , through factors such as ignition probability (depending upon lightning and human population density), species composition, stand structure, and the climate conditions associated with each site (Harrington et al. 1991; Heinselman 1973; Pickett and White 1985; Shugart et al. 1992; Wein and Moore 1977) . For example, Bessie and Johnson (1995) have shown that weather was the most important factor for fire occurrence in the western part of Canada. Bergeron and Archambault (1993) have shown that high fire frequency in the eastern Canadian mixedwood boreal forest was associated with longer drought periods in summer during the "Little Ice Age," whereas low fire frequency was associated with moister summers. Different studies have found an increased risk of fire ignition and propagation as a result of long-term increases in fuel accumulation in several ecosystem types (Aber and Melillo 1991; Dodge 1972; Schimmel and Granström 1997; Wright and Bailey 1982) . The composition differences among studied forest types may explain the differences of interpretations. The weather may become the most important factor where the forest mosaic composition is homogeneous or when fire frequency is low and fires occur under extreme weather conditions such as the blocking high pressure anomaly events (Flannigan and Harrington 1988) . On the other hand, the vegetation composition may be the driving factor when fire frequency is high within a forest mosaic where the stand composition is quite variable. The mixedwood boreal forest is an interesting ecosystem for analyzing the effects of meteorological conditions and vegetation characteristics, because fire frequency is high and the vegetation composition is variable. Furthermore, knowledge of the respective role of these two factors is required in several applications, such as understanding if fire control policies have to be based on vegetation composition and if the fire cycles differ according to stand type.
The first objective of this study, then, is to evaluate the respective effects of vegetation characteristics and weather conditions on fire behavior in the mixedwood boreal forest. Both factors should be significant, but the vegetation (fuel) factor is most important. This hypothesis is based on species composition (particularly the presence of numerous deciduous and mixed stands) and the relationship between flammability and seasonal phenology changes (Van Wagner 1983) that exists in the mixedwood boreal forest. In this study, flammability is defined as the time spent in pyrolysis (Johnson 1992) and corresponds with the delay required for a particle exposed to a source of heat to be chemically decomposed before the ignition occurs. The delay ends with the occurrence of the flaming stage of combustion. The climatic conditions during the fire season also vary, but it may not be as important as the vegetation variability.
Among the tools that are available to assess the effects of meteorological conditions and vegetation characteristics, there are two fire behavior prediction systems used across North America. The first is the Canadian Forest Fire Behavior Prediction (FBP) System (Forestry Canada Fire Danger Group 1992) , an empirical model based on wildfire and prescribed burn data. This model is used to determine the behavior of surface and crown fires. The second is the BEHAVE system developed for the Unites States (Andrews 1986; Andrews and Chase 1989; Burgan and Rothermel 1984) , which is a deterministic model that is based on the physical properties of fuels studied in the laboratory rather than on field data. The BEHAVE system is only used to determine surface fire behavior. Both models were built to predict fire behavior and to help understand the effects of fire on the different ecosystem compartments. The systems give as primary outputs the rate of spread of the fire front (ROS) and the head fire intensity (HFI), which, combined together, can determine the fire severity. In this study, fire severity refers to the impact of fire on the ecosystem through fuel consumption and the fire-caused vegetation mortality. A secondary output variable is the burned area for an elapsed time since fire ignition, which forest managers can use to estimate the potential patch size of expected burned stands. It should be noted, however, that these two prediction systems use several inputs with varying definitions within the fire environment, which could result in different fire behavior predictions.
The second objective of this study is to compare the two national fire behavior prediction systems (FBP and BE-HAVE) . First, we will compare the two systems using the results obtained for spring and summer simulations using fuel inventories of 48 sampled stands and six weather conditions, corresponding to three fire-risk levels. Secondly, we will use independent data sets obtained from three research burns conducted in the mixedwood boreal forest of Ontario (D.J. McRae, personal communication). We will compare the surface fire behavior components recorded during the research burns with predicted fire behavior sets from the two systems, using fuel inventories and weather conditions that were observed during these fires. The BEHAVE system should give more realistic predictions because it is based on measured fuel loading, whereas the FBP System defines the fuel type according to a small number of discrete stand types.
Materials and methods

Fire behavior prediction systems background
The FBP System
Detailed information about the Canadian Forest Fire Danger Rating System and its subsystems the Canadian Forest Fire Weather Index (FWI) and the FBP systems can be found in Canadian Forestry Service (1987) , Forestry Canada Fire Danger Group (1992) , and Hirsch (1996) . The FWI and FBP subsystems relate to the relative wildland fire potential and the actual fire behavior, respectively. The FBP System has 16 general fuel types, which represent many, but not all, of the major fuel types found in Canada (Hirsch 1996) . For the weather inputs, the FBP System uses the Fine Fuel Moisture Code (FFMC), the Initial Spread Index (ISI), and the Buildup Index (BUI) from the FWI System. These indexes are considered as fuel moisture codes and fire behavior indexes, and they are calculated from 12:00 local standard time observations of temperature, relative humidity, wind speed, and precipitation for the previous 24 h. The third fire environment factor is topography and it can be characterized using percent slope and aspect.
The BEHAVE system
The BEHAVE system is made up of two subsystems: the fuel modeling system referred to as FUEL (Burgan and Rothermel 1984) and the fire behavior prediction subsystem BURN, with FIRE1 and FIRE2 programs (Andrews 1986; Andrews and Chase 1989) . The FUEL subsystem provides 13 standard existing fuel models that can be used unaltered or modified to create new fuel models based on the measured loading data for each fuel component. The SITE module in the FIRE1 program predicts rate of spread and frontal fire intensity, whereas the SIZE module in the FIRE1 program calculates the area burned from a point source that results in a rough elliptical shape. The weather and topography conditions are fully described inputs in the SITE module, which uses information included in the FUEL model file to provide the fire behavior prediction outputs.
Relative importance of vegetation and weather on fire behavior
Study area
The study area is located on the Lake Duparquet Research and Teaching Forest, found in the clay belt of northwestern Quebec (48°30′N, 79°20′W), a large physiographic region characterized by lacustrine clay deposits left by the proglacial lakes Barlow and Ojibway (Vincent and Hardy 1977) . The area surrounding Lake Duparquet has forests that have never been commercially harvested. Lake Duparquet is situated at the southern limit of the boreal forest in the Missinaibi-Cabonga section (Rowe 1972) , which is characterized by an association of balsam fir (Abies balsamea (L.) Mill.), black spruce (Picea mariana (Mill.) BSP), paper birch (Betula papyrifera Marsh.), white spruce (Picea glauca (Moench) Voss), and trembling aspen (Populus tremuloides Michx.). The mean annual temperature is 0.6°C, the mean annual precipitation is 822.7 mm, and the mean annual frost-free period is 64 days. However, freezing temperatures may occur throughout the year (Environment Canada 1993).
Data collection
Stands selection: Forty-eight stands were selected on mesic clay deposits and gentle slope around Lake Duparquet. All were regenerated from stand-replacing fires, dating from 32 to 236 years ago (Bergeron 1991; Dansereau and Bergeron 1993) . Each stand was inventoried using one 30-m sided equilateral sample triangle (McRae et al. 1979; Alberta Forest Service 1984) to evaluate all downed woody fuels. We sampled the stand structure (tree species, tree densities) using the point-centered quadrant method (McRae et al. 1979 ) with six sample points located along the triangle (Alberta Forest Service 1984) , and the equations from Mueller-Dombois and Ellenberg (1974) to calculate tree densities. The 48 stands were characterized as being deciduous (D), mixed-deciduous (MD), mixed-coniferous (MC), or coniferous (C), if their conifer basal area was <25%, 25-50%, 51-75%, or >75% of stand basal area, respectively. The random sampling of stands to provide an accurate reflection of the landscape composition in this area resulted in 24 D, 13 MD, 4 MC, and 7 C stands.
Fuel inventory: For each stand, downed woody fuels were measured by the line intersect method (Van Wagner 1968) along the equilateral triangle (McRae et al. 1979) , as to measure all pieces from diameters <0.5 cm to big branches and boles with diameters >7 cm. We first used the five classes recommended by McRae et al. (1979) . We then used a linear interpolation to split these diameter class loads from the five classes presented above to the three American classes: 1-h, 10-h, and 100-h time lag dead woody loads (Bradshaw et al. 1983) . Shrub, herbs, and litter fuels (Brown et al. 1982) were measured in quadrats that were evenly spaced along the 90-m triangle transect. The basal diameter of shrubs (by species) was measured in nine quadrats (1 m 2 ) at 10-m intervals. Loads were calculated from equations determined from shrub samples collected in the Duparquet area (I. Aubin, personal communication). Shrub height and percentage of dead branches were also measured. Litter (L layer) and duff depths (F + H layers) were measured in 12 quadrats (0.0625 m 2 each) and their material was separated and collected to obtain their ovendried mass. The surfacefuel components to be used in the BEHAVE prediction system were divided into the following classes: litter, live shrubs and herbs, 1-, 10-, and 100-h time lag fuels (dead wood and dead shrubs when appropriate). Finally each fuel class was assigned a standard surfacearea-to-volume ratio according to Burgan and Rothermel (1984) .
Weather data source: All 12:00 local standard time weather data (temperature, precipitation for the previous 24 h, wind speed, and relative humidity) for the 1991-1997 period were obtained from four local weather stations set up around Lake Duparquet. From these data sets, we selected three fire weather classes (Table 1) . To compare our weather classes with other Canadian references, the low fire weather class (FWC) corresponds to the average fire weather (FWI = 5) of the Canadian zones 3 and 4, where the study area is Note: FFMC, Fine Fuel Moisture Code, is a numerical rating of the moisture content of litter and other cured fine fuels. This code is an indicator of the relative ease of ignition and flammability of fine fuel. ISI, Initial Spread Index, is a rating of the expected rate of fire spread. It combines the effects of wind and FFMC on rate of spread without the influence of variable quantities of fuel. BUI, Buildup Index, is a numerical rating of the total amount of fuel available for combustion. FWI, Fire Weather Index, a rating of fire intensity that combines ISI and BUI. It is suitable as a general index of fire danger throughout the forested areas of Canada (Canadian Forestry Service 1987) . D, weather conditions used in BEHAVE; D -1, weather conditions the day previous to the simulated day. Table 1 . Weather data and fire weather indexes for the six selected weather days from local meteorological stations around Lake Duparquet.
located.
2 The moderate (FWI = 15) and extreme (FWI = 25) fire weather classes selected have been previously used for prescribed burns in Ontario (Stocks 1987; Stocks et al. 1989) . Because several combinations of intermediate FWI indexes (BUI, ISI) can result in the same final FWI, weather conditions from 2 days were selected from the observed data, corresponding with simultaneously minimum BUI and maximum ISI or the inverse (Table 1) .
Simulation characteristics
With respect to topography, a zero slope effect and an elevation of 300 m were used to represent conditions on the study area. The point-source ignition pattern was chosen to emulate natural fire ignitions. This pattern is automatically used in BEHAVE, whereas the FBP System provides options for using either a point source or a line as the ignition source pattern. The elapsed time since ignition for this study was fixed at 2 h to calculate the burned area (in hectares). Two hours was selected as the acceleration time required to reach the equilibrium state, which has been preliminary calculated with the FBP System. Indeed, among the 48 stands, the slowest acceleration took more than 1 h to reach the equilibrium state. We then decided that 2 h would be long enough for both systems to simulate a fire propagation at the equilibrium state for all stands.
Simulations using the two fire behavior prediction systems (FBP and BEHAVE) were run separately for all 48 stands using the six different weather condition days. Simulation was based on spring conditions when deciduous foliage is absent (M1 in the FBP System) and on summer conditions when foliage is present (M2 in the FBP System). The presence of overstory foliage is also requested in BEHAVE. To take into account the seasonality in the herb and shrub layer, we did not include this layer in spring simulations (except for stands with Taxus canadensis Marsh. (Canada yew) for which we included this shrub load), but we did include this layer in summer simulations. This design led to 576 simulations for each system. We recorded the fire front rate of spread (ROS, m/min), the frontal fire intensity at the fire's head (HFI, kW/m), and the area burned (ha) 2 h after the fire ignition to have a complete understanding of the fire behavior characteristics.
For the FBP simulations, the only variation among stands is the relative coniferous basal area, which must be estimated when using the FBP System.
For the BEHAVE simulations (Andrews 1986) , three moisture contents of the time lag fuels, related to same daily weather conditions in the FWI and FPB systems, are needed. The 1-h time lag fuel moisture content was calculated from the MOISTURE module of the FIRE2 BURN subsystem (Andrews and Chase 1989) , using the same weather data (D -1 and D days) that have been selected for the FBP System. The 10-h time lag fuel moisture content was predicted from the equilibrium moisture content equation of the National Fire Danger Rating System (Bradshaw et al. 1983 ). This equation calculates the 10-h time lag fuel moisture content from the 1-h time lag fuel type. Finally, the 100-h time lag fuel moisture content was directly calculated in the SITE module of the FIRE1 BURN subsystem (Andrews 1986 ). The moisture content of living herb and shrubs was fixed arbitrarily at 100%, according to recommendations from Burgan and Rothermel (1984) .
Analyses
We analyzed the respective role of stand types and weather conditions using a two-way ANOVA design on rank scores (Conover and Iman 1981) with the GLM procedure (SAS Institute Inc. 1985) . We tested both factor effects (fuel and weather) and their potential interaction. The explained variance was partitioned using the type III sum of squares. We also looked at the differences in the fire behavior variables among the four stand types and the three FWC values using a Kruskal-Wallis test followed by a Hsu's MCB test (JUMP 1989) . Finally, using these last two tests, we analyzed the FBP outputs between the four stand types for each FWC taken individually.
Fire behavior comparisons between research burns and predictions from simulations
Research burn data
The research burns (Appendix) used in this study were conducted in the mixedwood boreal forest of Ontario (46°38′N, 83°25′W) between 1992 and 1998 (D.J. McRae, personal communication). They represent three of the 10 plots that have been selected to support fire behavior experiments. Plot size is 1 ha and stand structure characteristics are summarized in the Appendix, as there is quite a difference between plots even though they are located on the same site. According to the weather conditions, plots 1 and 2 were burned under an FWI of 23 and 21, respectively, whereas the plot 3 burned with an FWI of 16.
Fire behavior simulations were conducted using the two prediction systems to compare the observed and predicted results, and to enable us to determine if a system is realistic in simulating fire behavior for this region of the boreal forest. According to the Appendix, plots 1 and 3 are considered as mixed-conifer stands while plot 2 is a coniferous stand. We conducted only spring fire simulations because all three burns occurred during spring.
Analyses
We used the total time spent by the fire front to burn the entire plot area to calculate the mean ROS. Secondly, total fuel consumption (McRae et al. 1979 ) was calculated from the depth of burn measurements and fuel loading. The total heat release was then calculated from the fuel consumption and the low heat of fuel combustion for each fuel type. Finally, total heat release and ROS were used to calculate the frontal fire intensity. We then compared the observed results from the research burns with the predicted results from the two simulation systems.
Results
Relative importance of vegetation and weather on fire behavior
The results from the two-way ANOVA on the simulated output variables (ROS, HFI, and burned area) for spring and summer simulated fires with both the FBP and the BEHAVE systems are presented in Table 2 . All overall tests are highly significant, but both factors are not always significant. The partitioning of the explained variance presents differences between the FBP and BEHAVE systems and between spring and summer fire behavior. The FBP System takes into account only one significant interaction between the two factors, but this interaction accounts for less than 3% of the total explained variance. Both factors are significant for the FBP System, but the maximum explained variance is always attributed to the weather, and the importance of weather decreases from the spring to the summer fire simulations. For spring ROS and burned-area variables, the importance of weather is about nine times greater than that of the vegetation factor, whereas in summer simulations, the importance of weather is only four to five times greater than that of the vegetation factor. For the HFI variable, the importance of weather is four times greater than that of the vegetation factor for both seasons. For BEHAVE simulations, vegetation is the only significant factor for HFI and burned area for both spring and summer simulations. For ROS, both factors are significant, but the vegetation factor is the most important, and the percentage of variance explained by vegetation increases from the spring to the summer fires. The change in the partitioning of the variance among the two factors from spring to summer simulations could result from seasonal variation related to the emergence of understory foliage.
Differences in the fire behavior variables among the four stand types and the three FWC values
Differences for ROS, HFI, and burned area among stand types and FWC are presented in Figs. 1, 2 , and 3, respectively. These figures present the spring and summer fire simulations for both systems. The first item of note is the difference in value ranges between both systems for a given variable; the quantitative outputs from the FBP System are always higher than those from BEHAVE. The three figures will be analyzed together because they present the same trends for each season and each system.
For the weather factor, the FBP System shows that the three fire behavior variables (ROS, HFI, and burned area) have the highest significant values with the extreme FWC for both seasons. Significant differences between the low and moderate FWC only exists for the summer burned area. For BEHAVE, predicted ROS is the only variable that shows significant difference among FWC, with the moderate FWC creating the fastest ROS (twice as high as for other FWC) for both seasons. For both systems, spring fire behavior always presents faster ROS, higher HFI, and larger areas burned than those in summer simulation.
For the vegetation factor (stand types), the FBP presents significant differences among the four stand types for the HFI variable. There is no significant difference between mixed-coniferous (MC) and mixed-deciduous (MD) or coniferous (C) stands for ROS, nor between deciduous (D) and MD stands for the burned-area variable. In all cases, the highest values for the three variables are recorded for C stands; the values then decrease from the C to the D stands with mixed stands at an intermediate position. BEHAVE presents significant differences between D and C stands for spring HFI and all summer predictions, whereas there is no significant difference between the two mixed stands types. In all cases and for both systems, summer fire behavior is also less important than spring fire behavior.
The comparisons of the fire behavior components (ROS, HFI, and burned area) predicted by the FBP System between the four stand types for each FWC and two seasons are reported in Table 3 . These comparisons show that only three of the 18 models are not able to differentiate the four stand types (i.e., spring ROS for low FWC, spring and summer HFI for moderate FWC). In the 15 significant models, there is always a decreasing response to the fire behavior components, from coniferous stands that show the highest values to deciduous stands that are characterized by the lowest values. Several models show differences between deciduous, mixed, and coniferous stands, without showing differences between the two mixed types. Moreover, eight models (the best ones) significantly differentiate the four stand types, with two models dealing with the low FWC (spring and summer HFI) and six models dealing with the extreme FWC (ROS, HFI, and burned area both in spring and summer). According to these results, the idea that extreme fire weather will cause all vegetation types to burn comparably is not applicable to mixedwood boreal forests.
Comparisons of the simulated and prescribed burns
The fire behavior characteristics from the research burns and from the two simulation systems are reported in Table 4 . The limited number of plots restricts us from conducting statistical tests for the purpose of comparisons, but the values alone show that for the three fire behavior variables the FBP predictions are closer to the observed fire behavior (and in the same order) than the BEHAVE predictions are. In fact, the BEHAVE quantitative predictions are so low for all components that a minimum threshold that would sustain the fire seems to not have been reached. The FBP System seems to overestimate the head fire intensity component, but research burns show that within the mixed-coniferous stand type (plots 1 and 3), fire behavior can be quite variable and likely explained by the FWI differences.
Discussion
Comparisons of the fire behavior prediction systems
By using different fire behavior prediction systems we have found that there are two kinds of responses: qualitative and quantitative. The qualitative response of the systems deals with the respective effects of the factors involved in the fire behavior predictions. For this qualitative aspect, the vegetation factor is significant in all simulations from the BEHAVE and the FBP systems, whereas the weather factor is not significant for the HFI and burned area predicted from BEHAVE. Moreover, the two systems assign different roles to these factors: in the FBP System, weather is the most important factor, whereas BEHAVE mainly attributes the explained variance to the vegetation factor. The quantitative response of the systems involves predictions of fire behavior components such as ROS, HFI, and burned area. The comparisons between the observed (research burns) and predicted (FBP and BEHAVE) fire behavior revealed that the FBP predictions were very close to the observed values, whereas the BEHAVE predictions were so low (HFI < 10 kW/m for the two plots) that they would correspond to smoldering fires in deep organic layers (Van Wagner 1983) . In fact, BEHAVE seems to not achieve a minimum threshold beyond which fire propagation could be sustained.
Among weather and vegetation factors, only vegetation could explain the differences found between the two systems. Even though precipitation is included differently into both systems, it cannot discriminate between them. Indeed, while the FBP System records the amount of rain for the last 24 h and distributes it within different compartments through indexes, BEHAVE records only the duration of rain and allocates it only to the top portion of the exposed aboveground fuels for which moisture content reacts faster than the Duff Moisture Code (DMC) and Drought Code (DC) from the FWI System (Van Wagner 1975) . Moreover, rain effects in BEHAVE cannot readily wet the fuels to near saturation as in the FWI and FBP systems (Van Wagner 1975) . The FWI then has a longer record of precipitation through the DMC and the DC indexes than BEHAVE. Nevertheless, these facts would support higher fire behavior for BEHAVE because fuels would dry faster than for the FBP, but this is not the case. Wind speed does not seem to discriminate between both systems because Kruskal-Wallis tests performed on fire behavior predictions for the moderate FWC have shown the same significant difference results. Indeed, for this moderate FWC, the wind speed differs between the 2 days (22 and 5 km/h for the first and the second replicates, respectively). The comparisons have shown (not presented) that both systems predicted significantly higher outputs (p < 0.01) for the windy day than for the light-wind day. The most likely explanation for the differences between the two systems and the low quantitative predictions from BEHAVE could come from the vegetation factor, and more specifically from the fact that BEHAVE does not take into account the deeper duff layer. Indeed, the research burns have shown that the average depth of burn was deeper than the 0.5-cm litter layer. This could support the idea that the fuel amounts in BEHAVE would be underestimated and not recognized in supporting fire propagation. This would lead to low or unsustainable ROS, HFI, and burn area, as shown by the results. The FBP System, on the other hand, takes implicitly into account the humus layer down to the deep duff. Finally, BEHAVE does not allow crowning whereas the FBP System does. Results from the FBP have shown that the first two experimental burns were under intermittent crown fire conditions.
Role of vegetation and weather factors
The importance of the vegetation and weather factors depends on the fire behavior prediction system used (as shown in this study) and on the studied region. Fires, in general, are more frequent and more severe in the western part of the Canadian boreal forest than in the eastern part, where the climate is moister and less favorable to wildfire propagation. Moreover, while boreal forest types are more segregated in western Canada, where aspen dominates the plains and conifers dominates the foothills, mixedwood forest types containing both conifer and hardwood species are more common in eastern Canada (Bergeron and Dubuc 1989; Bergeron and Dansereau 1993) . Studying the relative importance of vegetation composition and weather conditions on fire behavior in the western Canadian subalpine forest, Bessie and Johnson (1995) have found by using only BEHAVE that the weather was the most important factor explaining fire behavior. In their study, the vegetation is only composed of conifer species, all being good fuels to burn. Therefore, the warmer and drier western climate could be the real driving factor because the weather variability has always been higher than the vegetation variability. Conversely, our study shows that in the eastern Canadian mixedwood boreal forest the use of BEHAVE would lead us to present a different conclusion, with the vegetation factor being the most important one for ROS, and the only significant factor for HFI and area burned. The presence of deciduous species, less prone to burn as compared with conifer species (Brown and Davis 1973) , would induce higher vegetation variability than weather variability; therefore, vegetation composition could be the most important factor in fire behavior for eastern Canadian mixedwood boreal forests. At best, future fire behavior studies should acknowledge the regional natural variability that ex- ists over the continent in terms of climate and vegetation composition (Forestry Canada Fire Danger Group 1992; Harrington et al. 1991; Shugart et al. 1992) . Different vegetation types and weather conditions interact together with the topography to create unique fire environments. It is important, then, to consider all environmental factors that interact with fire behavior (Agee 1997 ) before regionally adapting the relevant model (i.e., the FBP for the mixedwood boreal forest of eastern Canada) to find out the potential dominating factors. In steep slope regions, topography could be as much of a driving factor as fuel type or weather because the slope is known to have important effects on ROS and on the size and shape of burned patches (Andrews 1986; Forestry Canada Fire Danger Group 1992; Fryer and Johnson 1988; Jean 1992; Johnson 1992) . If the FBP System is chosen as the relevant model for the mixedwood boreal forest of eastern Canada, both vegetation and weather factors have a significant effect, but weather is the most important factor because it explains the maximum of the variance (Table 2 ). Nevertheless, the vegetation factor has a significant influence on fire behavior components whatever the FWC conditions (Table 3 ). This shows that the small amount of explained variance attributed to the vegetation factor could, however, correspond to a more important effect of stand type on fire behavior. Moreover, the natural stand variability is higher in the studied forest mosaic than shown in the analyses, and it could have a greater influence on fire behavior. Indeed, stands with Picea mariana or Pinus banksiana Lamb. on exposed bedrock, or with Larix laricina (Du Roi) K. Koch or Fraxinus nigra Marsh. on silted lowland sites subject to flooding and boggy habitats, respectively (Bergeron and Dubuc 1989) , are present in the patchiness of the forest mosaic but were not included in the study. The idea that slight differences between forest stands in fuel characteristics are insignificant when compared with the large, short-term variations in the weather (Johnson 1992) should not be applied, at least to the mixedwood boreal forest. The same is true of the idea that above a certain extreme fire weather risk, all vegetation types will burn similarly. Our results show that deciduous dominated stands would support less intense fires, which would burn smaller areas than fire in conifer dominated stands. Several studies dealing with large burned areas (Johnson 1992; Payette 1992; Van Wagner 1983) reported conifer forest mosaics such as the black spruce -feathermoss forest where the deciduous species and stands are poorly represented. However, a recent study has shown that fires burning large areas were proportionately more numerous in the black spruce -feathermoss forest than in the mixedwood boreal forest, and this despite similar regional climatic conditions (Hofgaard et al. 1999) . These results are consistent with ours, and they show that the conifer composition may have a direct effect on the area burned at the stand and the landscape level. Also, the head fire intensity increases with an increase in the conifer proportion. Therefore, fires in conifer stands or in landscape mosaics dominated by conifer stands should also be more severe.
The fire season is another important factor to take into account. The ANOVA results have shown that season does not change the order of importance of the two factors, but it generally increases the vegetation influence during summer simulations. Moreover, the seasonal factors are responsible for lower fire behavior values recorded in the summer simulation than in spring. The higher the deciduous percentage, the higher spring and summer differences. However, the only difference recorded between spring and summer pertains to the vegetation factor, namely the presence or absence of the deciduous fuel type (Forestry Canada Fire Danger Group 1992) . In spring, the absence of deciduous tree and herbaceous foliage does not interfere with the ground and surface fuel bed warming from the direct sunlight (Furyaev et al. 1983) , whereas in summer deciduous leaves intercept the sunlight and create cooler and moister understory and ground environments (Van Wagner 1983) . This explains the slower ROS in summer associated with lower intensities and smaller burned areas. Generally, conifer stands in this region are older and present a more open canopy than deciduous stands. Because these conifer species are evergreen, there will be little or no difference between spring and summer foliage or between the seasonal fire behavior as shown by the mixed-coniferous and coniferous stands. When a seasonal difference exists, it is due to the presence of a herb cover in summer, which retains a higher moisture content in the surface fuels and decreases the propagation rate. This ground cover does not take into account a moss layer, since this fuel type does not exist in these stand types (De Grandpré et al. 1993) . In this way, deciduous phenological changes explain the increased importance of the vegetation factor for summer fires through the indirect season factor. Wotton and Flannigan (1993) have shown that global warming may lead to an increase in the length of the fire season, and this may have some consequences on the number and size of fires during the fire season. Indeed, the fire season would start earlier because many stands would still be leafless, and it would end later because stands with senescent foliage provide good conditions for fire propagation.
Conclusion
This research has shown the importance of considering all the environmental factors of fire before selecting the appropriate fire behavior prediction system for any given area. The use of prescribed burns, when available, can be helpful to choose the best system. The BEHAVE system is not well adapted to the mixedwood boreal forest to predict realistic quantitative fire behavior, whereas the FBP System seems to be an efficient fire behavior prediction system for this boreal ecosystem. The slight overestimation of the head fire intensity prediction from the FBP System should be improved by the adjustment of the model through the use of future prescribed burn data. Differences in fire behavior according to the stand composition are significant for all fire behavior variables (ROS, HFI, and burned area). This implies that the mixedwood boreal forest, with its natural stand variability in terms of conifer proportion, is a complex ecosystem in regards to fire disturbance. This ecosystem can indeed present several fire behaviors at the local scale. This inherent variability needs to be integrated in any fire behavior prediction system that aims to predict final size and shape of wildfires at the landscape level. 
